The capacity to store urine and initiate voiding is a valued characteristic of the human urinary bladder. To maintain this feature, it is necessary that the bladder can sense when it is full and when it is time to void. The bladder has a specialized epithelium called urothelium that is believed to be important for its sensory function. It has been suggested that autocrine ATP signalling contributes to this sensory function of the urothelium. There is well-established evidence that ATP is released via vesicular exocytosis as well as by pannexin hemichannels upon mechanical stimulation. However, there are still many details that need elucidation and therefore there is a need for the development of new tools to further explore this fascinating field. In this work, we use new microphysiological systems to study mechanostimulation at a cellular level: a mechanostimulation microchip and a silicone-based cell stretcher. Using these tools, we show that ATP is released upon cell stretching and that extracellular ATP contributes to a major part of Ca Understanding the underlying molecular mechanisms is of outmost importance to help find new pharmacological treatments.
clearly demonstrated in key studies using P2X3 knockout mice. 5, 6 The significance of P2X receptors and purinergic mechanosensory transduction in the urinary bladder was further established by Rong et al in a study describing P2X activation in low and high threshold afferent nerve fibres in the urinary bladders of mice. 7 A central component of purinergic mechanosensory transduction is the release of ATP from the affected cell or tissue as a result of mechanical stimulation. The release of ATP from urothelial cells upon mechanical stimulation has been described in a number of reports. [8] [9] [10] This has also been seen in erythrocytes as well as in endothelia.
11 -14 The current view of ATP in the voiding reflex can be summarized as follows: Distension of the urothelium triggers release of ATP which acts on P2X3 receptors on afferent sensory nerves in the suburothelium contributing to the sensation of bladder fullness. Efferent parasympathetic nerves innervate the detrusor smooth muscle.
There, ATP is released as a co-transmitter together with acetylcholine. ATP acts on P2X1 receptors on smooth muscle and contribute to the initiation of contraction. In the healthy human bladder, the purinergic contribution is only about 5% of the parasympathetic nerve-mediated contraction, but this fraction is known to increase to about 40% in pathological bladder conditions. [15] [16] [17] [18] Of importance for the findings presented in this report are previous studies that have
shown an increase in ATP in the urine from patients with OAB and bladder obstruction due to prostate hyperplasia. 19, 20 There are several comprehensive reviews available discussing the current knowledge of purinergic signalling in the urinary bladder. [21] [22] [23] Yet, purinergic signalling in the urinary bladder still has many aspects to be explored. For example, the urothelium itself, in addition to its ability to release ATP, also expresses both ionotropic P2X and metabotropic P2Y purinergic receptors. [24] [25] [26] [27] [28] This opens for the possibility that mechanical stimulation of the urothelium can initiate autocrine purinergic signalling, which in turn could contribute to cellular mechanotransduction. Cellular mechanotransduction, in this case, defined as the capacity of living cells to sense and integrate external mechanical stimuli and to convert them to intracellular signals. 29 In this study, we investigated the changes in intracellular Ca 
| MATERIALS AND METHODS

| Cell culture
The bladder cancer cell line T24 (ATCC, no. HTB-4) was propagated in Dulbecco's modified Eagle medium (DMEM) (Gibco) supplemented with 10% foetal bovine serum (FBS) (Gibco), 1% GlutaMAX (100X) (Gibco) and penicillin; streptomycin (100 U/mL; 100 mg/mL, SigmaAldrich 
| Mechanostimulation microchips
The microfabrication and operation of the mechanostimulation microchips have been described previously in more detail. 31 In short, on an oxidized Si wafer, an Au layer and a thin Cr adhesion layer were thermally evaporated. The photo-patternable resin SU8 and electroactive polymer PPy were photolithographically patterned on the Au layer to form the different microactuators on the microchip ( Figure 1A) . Next, the Au (and Cr) was wet chemically etched to form the final electrode structure, and the wafer was diced into single mechanostimulation microchips ( Figure 1B ).
| Cell stimulation
Cell stimulation experiments were performed at room temperature in DMEM without phenol red. To perform mechanical stimulation, the microchip comprising the cells was mounted in a customized chamber in DMEM/F12 without phenol red. The mechanostimulation microchips were operated using a Gamry potentiostat Ref600 with Gamry PHE200 software. For Ca 2+ imaging, a 300 seconds stimulation of À1.0 V was followed by a period of 60 seconds at 0.0 V against the Ag/AgCl reference electrode. More details about the stimulation can be found in. After pouring the mix into the master form, it was left in room temp until degassed and then cured in an oven at 70°C for 24 hours. The cured cell stretch chambers were cleaned by incubation in 70% ethanol and then in distilled water. Before use, they were autoclaved in 120°C for 20 minutes. The chamber was seated on a pneumatic system driven by a syringe pump as shown in Figure 1C . Infusing the syringe with a certain volume controls the degree of stretch applied to the chamber. We used an infusion of 1 mL to accomplish a degree of cell stretch that corresponded to a dislocation of approximately 20%.
| Measurement of ATP and LDH release
In the series of stretch-induced ATP release experiments, T24 cells were cultured in PDMS cell culture chambers coated with 2 lg/cm 2 laminin (Sigma-Aldrich) in the same condition as mentioned above.
Samples were taken and placed on ice immediately before and after stretching. A luciferin-luciferase-based reaction kit (Molecular Probes) was used to analyse extracellular ATP release. As control samples, cell lysate was prepared by lysing T24 cells cultured in the stretch culture chambers by adding 0.1% Triton X-100 in PBS for 10 minutes at room temperature. Samples were analysed in 96-well plates. LDH release was also analysed using Pierce TM LDH Cytotoxicity Assay Kit acquired from ThermoFisher Scientific. Analysis was performed in 96-well plates according to the suppliers' instructions.
ATP and LDH samples were analysed using a Spectra Max 190 plate reader (Molecular Devices).
| Immunochemistry
For immunocytochemistry experiments, cells were cultured on coverslips. Prior to staining, cells were fixed in 4% formaldehyde for . All collected tissue was prepared as previously described. 28 Immunofluorescence image acquisition was performed with a laser scanning confocal microscope Zeiss LSM 800. Image analysis was conducted using Image J (U. S. National
Institutes of Health).
| Statistics and data analysis
All data are presented as mean AE SEM. Student's paired and unpaired t tests were used for comparison of differences between two groups, in cases where the data were not normally distributed according to Shapiro-Wilk test, Mann-Whitney U test was used instead of t test. For comparisons between more than two groups, ANOVA with Bonferroni correction for multiple comparisons was used.
3 | RESULTS To investigate if the mechanisms that lead to the increase in intracellular Ca +2 concentration seen with both mechanical stimulation and ATP are connected, we inhibited the ATP-induced cytosolic Ca 2+ increase, using the ATP-diphosphohydrolase apyrase. As shown in Figure 3 , 10 U/mL apyrase blocked 90% of the increase in intracellular Ca 2+ induced by 10 À4 mol L À1 ATP. When mechanical stimulation was administered to cells on mechanochips, 10 U/mL apyrase blocked increase in cytosolic Ca 2+ by more than 65%. The blocking effect of apyrase was significant for both ATP stimulation as well as mechanical stimulation.
| Changes in cytosolic Ca
| ATP release induced stretching of cells
The blocking effect of apyrase on the increase in intracellular Ca Figure 4B . Cell damage due to stretching defined by lactate dehydrogenase release was 1.1% AE 0.3% (mean AE SEM, n = 5).
| Characterization of ATP response
To further understand the signalling pathways induced by stretching, the purinergic receptors involved in the ATP-induced increase in Figure 5A ). However, the response was lower in the Ca 2+ -free media; this difference was statistically significant. In Ca
2+
-free media, addition of apyrase did not have a blocking effect.
The effect of the non-selective purinergic blocker PPADS was tested in T24 cells ( Figure 5B 
| Expression of P2 receptors in T24 cells
Polyclonal antibodies against the G-protein-coupled receptor P2Y 6 as well as the ion channel P2X3 were used to identify these receptors on the T24 cells using immunocytochemistry. These receptors were chosen because they have been shown to be present in urothelial cells. 26, 28, 33 Immunoreactivity was seen with antibodies against both P2 receptors, see Figure 6 . Hoechst 33258 was used to visualize the cell nucleus, and the actin-binding toxin phalloidin conjugated to FITC was used to stain actin to delineate the contours of the cells. Immunoreactivity was present throughout most of the cell with the most intense staining just outside the nucleus. Indicating a significant part of the immunoreactivity may be in the cytoplasm. In The response we see with the mechanochip is long-lasting and continues past the point where the potential is returned to zero. We think this lasting response is due to the fact that the PPy remains expanded, that is the strain on the cells remains even after the potential is returned to zero. We are currently developing a second generation of mechanochips where the strain will be reversible so that we can investigate the whole cycle of stretch and release on the cells. More detailed technical specifications of the mechanochip can be found in Svennersten et al 31 Furthermore, we observed that we could significantly decrease the response induced by either ATP or mechanical stimulation, using apyrase. However, the blocking effect was stronger for ATP-induced stimulation than for mechanically induced stimulation. This could be due to the fact that urothelial cells express many other mechanosensitive receptors that may contribute to the increase in intracellular Ca 2+ concentration and that the autocrine ATP signalling works rather like an amplifier for the increase in the cytosolic Ca 2+ concentration. 44 We suggested that the significant blocking of the response induced by mechanical stimulation using apyrase suggested that the mechanical stimulation indeed resulted in release of ATP and subsequent autocrine signalling. To corroborate this finding, we measured ATP release upon mechanical stretching of the cells. Because the mechanochips only stimulate single cells, the released quantities of ATP from a single cell were too small to be measured using the luciferin-luciferase assay. Therefore, we devised an alternative stretching tool using silicone elastomer that could stretch a whole population of cells, thus ensuring the release of a measureable amount of ATP.
We observed that this stretching resulted in a significant release of ATP, which is in accordance to what others have found in bladder tissue experiments. 39, 40 As there are two major families of ATP receptors, the ionotropic P2X and the metabotropic P2Y, we wanted to investigate if both of these contributed to the response that we measured or whether one family of receptor was more dominant than the other. Our first approach was to perform the experiments in Ca 2+ -free media, as From the former findings, we conclude that P2Y receptors make a major contribution to the observed response. To further verify this, we tested the non-selective purinergic receptor blocker PPADS, which is primarily described as a P2X antagonist at moderate concentrations.
PPADS had a partial inhibitory effect, strengthening the conclusion that the observed responses comprised a large component of P2Y activity. However, some caution should be taken in making conclusions based on the PPADS results, as PPADS is reported to antagonize both P2X receptors at moderate concentrations 51 and P2Y receptors at high concentrations. 52 We saw relatively large blocking effect using PPADS at moderate concentrations compared to the effect of using Ca 2+ -free media, indicating that even at the concentration of PPADS that we use, there is some effect also on P2Y receptors. PPADS also has dual actions not only as an antagonist of P2-purinoceptor but also as an ecto-ATPase inhibitor. 53 With compelling pharmacological evidence for P2 receptor signalling, we wanted to investigate the expression of P2 receptors using immunochemistry methods. Previous studies had shown no effect on cAMP upon activation of P2Y in T24 cells making it likely that P2Y receptors in T24 cells are G q -coupled rather than G s/i-coupled.54 Therefore, we chose to look for the expression of a P2Y
receptor that was known to be G q -coupled and also known to be found in urothelial cells, such as P2Y 6 . 32 We also investigated the expression of P2X3 receptors based on previous immunohistological findings from the human urothelium. 28 We found that in the T24 cells, there was immunoreactivity for both P2Y 6 and P2X3, which is not surprising as these are previously shown in urothelial cells. 24, 26, 28, 33 However, regarding P2Y 6 our functional data neither support nor oppose the presence of this subtype as it is mainly activated by UDP, only to a lesser extent by UTP and barely by ADP and ATP. 32 With this in mind, we think that it is very likely that also other subtypes are present. The pattern of the immunoreactivity for P2X3 and P2Y 6 seen in this paper indicates that a significant part of receptors is located intracellularly; this might indicate that the cells have a continuous overexpression of these receptors which would not be surprising as the cells are derived from a urothelial cancer.
Worth mentioning is that the distribution of immunoreactivity is similar to that of others who have stained P2Y receptors in cell cultures. 55 As a counterstain, we chose to use actin-binding phalloidin rather than antibodies against cytokeratins. The main reason for this was to avoid possible cross-reaction that might occur when using several antibodies simultaneously. Also staining of actin serves the purpose well to give clear delineation of the cells borders.
The work conducted in this paper is based on the T24 urothelial cell line, which is isolated from an urothelial carcinoma. This is a major limitation, and one should be careful not to extrapolate our results to mechanisms present in the healthy urinary bladder. However, the T24 is a robust cell line suitable for conducting this study where we introduce new tools to study mechanotransduction on a cellular level. In this work, we have employed new microphysiological systems for mechanical stimulation, a mechanostimulation microchip and a silicon-based cell stretcher, and established basic principles of mechanotransduction on a cellular level. Our next step is to apply these methods and to test our hypothesis on human primary cells and tissues. We also hope that these new tools might serve as inspiration for our peers in the field of mechanotransduction. 
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